Birt-Hogg-Dubè (BHD) is an autosomal dominant syndrome characterised by skin fibrofolliculomas, lung cysts, spontaneous pneumothorax and renal cancer. The association of benign cutaneous lesions and increased cancer risk is also a feature of Cowden Syndrome (CS), an autosomal dominant disease caused by PTEN mutations. BHD and CS patients may develop oncocytomas, rare neoplasias that are phenotypically characterised by a prominent mitochondrial hyperplasia. We here describe the genetic analysis of a parotid and a thyroid oncocytoma, developed by a BHD and a CS patient, respectively. The BHD lesion was shown to maintain the wild-type allele of FLCN, while losing one PTEN allele. On the other hand, a double heterozygosity for the same two genes was found to be the only detectable tumorigenic hit in the CS oncocytoma. Both conditions occurred in a context of high chromosomal stability, as highlighted by comparative genomic hybridisation analysis. We conclude that, similarly to PTEN, FLCN may not always follow the classical Two Hits model of tumorigenesis and may hence belong to a class of non-canonical tumour suppressor genes. We hence introduce a role of PTEN/FLCN double heterozygosity in syndromic oncocytic tumorigenesis, suggesting this to be an alternative determinant to pathogenic mitochondrial DNA mutations, which are instead the genetic hallmark of sporadic oncocytic tumours.
INTRODUCTION
Birt-Hogg-Dubè (BHD) is an autosomal dominantly inherited syndrome characterised by skin fibrofolliculomas, multiple lung cysts, spontaneous pneumothorax and renal cancer (Online Mendelian Inheritance in Man #135150). It is caused by germline mutations in the folliculin (FLCN) gene (Chr17p11), described to act as a canonical tumour suppressor gene (TSG) . 1 Although the function of FLCN is still unknown, it has been shown to act upstream of mammalian target of rapamycin complex 1 (mTORC1) [2] [3] [4] [5] and a role in energy/ nutrient-sensing signalling pathways has been suggested. 6 The association of benign cutaneous lesions and increased cancer risk is also a feature of Cowden Syndrome (CS), an autosomal dominant disease caused by PTEN (phosphatase and tensin homologue deleted on Chromosome 10) mutations and mainly characterised by macrocephaly, mucocutaneous lesions and cancer predisposition. 7 BHD and CS patients may develop rare type of neoplasms, namely oncocytic tumours. Generally, such tumours originate from epithelial tissues and are phenotypically characterised by prominent mitochondrial hyperplasia, which confers a typical 'swollen' , pink eosinophilic appearance to neoplastic cells. 8 Functionally, sporadic oncocytic tumours are characterised by a respiratory chain derangement due to pathogenic mutations in mitochondrial DNA (mtDNA) genes. The resulting energetic impairment is thought to trigger a compensatory mitochondrial biogenesis 9 regulated by the peroxisome proliferatoractivated receptor-g coactivator 1a (PGC1a). 10 PGC1a expression is also regulated by mTORC1. The inhibitory function of PTEN on mTORC1 signalling is well known, as PTEN activation results in AKT inhibition, tuberous sclerosis complexes TSC1/TSC2 de-repression and subsequent mTORC1 inhibition. Clinical similarities between BHD and TSC suggested that FLCN and TSC1/TSC2 may function within the same pathway and helped attribute FLCN a regulatory role on mTORC1. However, such a role is yet to be clarified. In fact, evidence from animal models suggest that FLCN may upregulate mTORC1, acting within the same pathway of TSC1/TSC2, albeit in an opposite way. 11 Another FLCN knockout model, however, supports a role for FLCN in downregulating mTORC1. 2, 3 It has also been put forward that FLCN may both up-or downregulate mTORC1 in a context-dependent manner. 4 Moreover, FLCN has been shown to negatively correlate with PGC1a activation, indicating that a decrease of the functional protein may induce mitochondrial biogenesis. 12, 13 We performed a comprehensive genetic analysis of two oncocytic tumours, developed by a BHD and a CS patient, and observed a mirrored genetic background that may account for the development of oncocytic features of syndrome-associated tumours.
MATERIALS AND METHODS
See Supplementary Methods.
RESULTS
We performed an extensive characterisation of a parotid oncocytoma arisen in a BHD patient who showed typical clinical features of BHD, including skin fibrofolliculomas, lung cysts and pneumothorax. He carried a previously reported germline heterozygous frameshift mutation in exon 5 of FLCN, namely, the c.347dupA (p.Leu117A-lafsX16) 14 (Figure 1a ), detected by routine peripheral blood sequencing.
To investigate a possible loss of heterozygosity (LOH) of FLCN, or to find a mutation in the remaining allele, all coding exons were sequenced in the parotid lesion. Such analysis did not show any further alteration and confirmed the persistence of the heterozygous mutation, suggesting no loss of the wild-type FLCN allele in the neoplastic tissue. Additional investigation by real-time PCR-based copy number assay and multiplex ligation-dependent probe amplification (MLPA) corroborated the persistence of the wild-type allele in the tumour cells ( Figure 1b) .
We hence screened the tumour for mtDNA mutations, hallmarks of sporadic oncocytomas. Sequencing of the whole mtDNA merely revealed common polymorphisms and ruled out somatic mtDNA mutations as the main causative genetic hit of oncocytic tumorigenesis in this sample.
To investigate the presence of potential oncogenic hits in nuclear DNA genes, the mutational hot spots of the most commonly altered oncogenes (PIK3CA, BRAF, CTNNB1, KRAS, HRAS, AKT, KIT, PIK3R1 and ERBB2) were screened and no pathogenic mutations were detected. Two TSGs frequently involved in tumorigenesis, PTEN and TP53, were also sequenced and no mutations were detected. However, as no heterozygous polymorphism was observed along the PTEN sequence, we investigated a possible LOH and thereby demonstrated the complete deletion of one PTEN allele by real-time PCR analysis in the tumour-derived DNA, compared to the peritumoural tissue-derived DNA of the BHD patient ( Figure 1c) .
Based on the finding of a co-occurrence of PTEN and FLCN alterations in this patient, we returned to a CS patient in which we previously reported a germline heterozygous PTEN deletion and who developed a thyroid oncocytoma, among other typical CS features such as macrocephaly, dysplastic gangliocytoma of the cerebellum, papillary thyroid carcinoma, papillomatous lesions on the skin and at the mouth angles. 15 These lesions were screened for FLCN point mutations, yet none were found. However, the oncocytic neoplasm resulted to be homozygous for a known single-nucleotide polymorphism (SNP; rs8065832), which was heterozygous in the other pathogenic lesions (Figure 1d ). This feature suggested the occurrence of a gene deletion, which was confirmed by a real-time PCR-based copy number assay (Figure 1e ), in which tumour-derived DNA was compared to that extracted from the peripheral blood of the patient.
To understand whether the described genetic alterations were part of widespread chromosomal rearrangements in the tumours, array CGH (aCGH) analysis was performed. 16 The oncocytic parotid tumour of the BHD patient showed a deletion of 633 kbs on Chr10, spanning PTEN, which was further defined by microsatellite Where Birt-Hogg-Dubé meets Cowden Syndrome LM Pradella et al markers (10q23.33-10q26.13). This tumour did not show other major genomic aberrations (Figure 2a) . The molecular karyotype of the CS oncocytoma confirmed the presence of a deletion on Chr10q and showed two large duplications on Chr5 and Chr7, partial loss of Chr17p, as well as additional smaller losses and gains (Figure 2b) .
Last, in order to verify if a double heterozygosity of FLCN and PTEN may be a mechanism substituting for the presence of mtDNA mutations, we analysed PTEN and FLCN in 22 sporadic mtDNAmutated oncocytic lesions, which included 12 thyroid and 10 parotid gland tumours, for which DNA extracted from tumour and nontumour tissue was available. The PTEN/FLCN analysis was based on a workflow aimed at optimising available DNA and costs, to first rule out either gene heterozygosity (Supplementary Figure 1) . No point mutations and no deletions in FLCN and/or PTEN were detected, suggesting that PTEN and FLCN were not altered in the presence of mtDNA mutations and that instead their double heterozygosity may be a peculiarity of oncocytic tumours associated to Mendelian cancer syndromes only.
DISCUSSION
We here describe two cases of BHD-and CS-associated parotid and thyroid oncocytic tumours, respectively. These neoplasms were shown to harbour mirrored genetic defects in PTEN and FLCN (summarised in Figure 2C) . PTEN is known to behave as a haploinsufficient TSG that exerts its function on tumour initiation and progression in a dosedependent manner. 17 A small reduction of PTEN expression is sufficient to trigger tumour formation in mice, and heterozygosity of PTEN is generally maintained in malignancies developed by CS patients. 18 FLCN, on the other hand, has been thus far considered a canonical TSG, the two alleles of which are inactivated in tumour cells by LOH or somatic mutations. 19 Somatic 'second hit' FLCN mutations or LOH on chromosome 17p are, in fact, indentified in the vast majority of BHD-associated renal tumours. Conversely, in BHD skin lesions the wild-type allele is generally retained. 20 In the minority of tumour cases in which a wild-type FLCN allele is retained, it may not be ruled out that the second tumorigenic hit may occur at a different locus.
The same effect in triggering tumorigenesis as complete loss of function of FLCN may therefore be reached by inactivating one allele of FLCN together with one allele of a different TSG that would similarly maintain one wild-type allele in the somatic lesion.
In this context FLCN would not necessarily behave as a canonical TSG, strengthening its similarity to PTEN. Further studies are warranted to understand whether the FLCN/PTEN double heterozygosity is sufficient to trigger tumorigenesis, and they are ongoing in our laboratory. It appears clear that the requirement for TSGs that do not follow the classical Two-Hits model for a second somatic event to prompt tumorigenesis is fulfilled in the mirrored cases we report (Figure 2c ). The analysis of oncogenes and TSGs commonly mutated in cancer revealed, in fact, the occurrence of a mono-allelic loss of PTEN in the BHD parotid oncocytoma. This finding raised the hypothesis that PTEN may cooperate with FLCN, specifically in oncocytic tumorigenesis. Support to this theory is provided by the detection of a heterozygous deletion of FLCN in the CS thyroid oncocytic cancer. Interestingly, LOH of FLCN was excluded in the other lesions of the CS patient analysed, reinforcing the idea that the association between the germline PTEN and the somatic FLCN deletion is specifically related to the oncocytic phenotype. This association may not be coincidental as FFPE-specific aCGH did not show additional chromosomal aberrations in the BHD sample, and few were shown in the CS sample. Such mirrored genetic defects of BHD-and CS-associated oncocytic neoplasms suggest that the two syndromes may be related and that FLCN and PTEN probably converge in a common pathway, the deregulation of which may concur to oncocytic tumorigenesis in an alternative mode of action with respect to pathogenic mtDNA mutations (Figure 2d ). In fact, it is generally acknowledged that the genetic hallmarks of all types of oncocytic sporadic tumours are disassembling mtDNA mutations, which are thought to induce mitochondrial hyperplasia as a compensatory response to the respiratory chain dysfunction. 9 The energetic impairment most likely induces a retrograde signal to the nucleus, which activates the expression of different regulators of mitochondrial biogenesis, the most important of which being PGC1a. 10 However, both BHD-and CS-associated oncocytic tumours here described lacked acquired, tumour-specific mtDNA mutations, ruling out this driving mechanism for oncocytic transformation.
PTEN and FLCN have been suggested to act as regulators of mTORC1, which in turn has been shown to induce PGC1a transcription. 21 Interestingly, FLCN has been recently demonstrated to act as a negative regulator of PGC1a expression levels both in conditional FLCN knockout mice and in cell models, 13 reinforcing the hypothesis of an involvement in oncocytic transformation also in a context different from BHD, such as CS. Alterations in gene expression levels due to genetic changes of the two non-canonical TSGs FLCN and PTEN, which act on converging pathways, may thus either cause oncocytic transformation after the occurrence of an oncogenic triggering event, or account for a primary transformation along with the appearance of an oncocytic phenotype.
In conclusion, we here propose that the causative gene of BHD, FLCN, may not necessarily follow the classical Two-Hits model of tumorigenesis and may belong to a class of non-canonical TSGs of which PTEN is a well-known member. Moreover, we introduce for the first time a role of PTEN/FLCN double heterozygosity in hereditary oncocytic transformation and suggest this to represent an alternative mechanism to that induced by pathogenic mtDNA mutations.
